Pesticide uptake into plants is typically reported as percentage uptake of the amount applied, but in studies of the mechanism of cuticular penetration, this approach has not been helpful. It can be shown that relating percentage uptake to initial dose of bentazone applied to Vicia faba foliage cannot provide pertinent relationships that can be used to explain cuticular uptake mechanisms. However, applying the principles of Fick's Law, and using mass or molar quantities, does provide excellent linear relationships between mass uptake and initial dose applied. Universal equations can be derived that relate dose uptake to initial dose applied onto plant leaves.
INTRODUCTION
Pesticide formulations are typically compared on the basis of the percentage uptake of the active ingredient (a.i.) into plant foliage. This approach has also been used in efforts to understand the principal factors affecting cuticular uptake. However, apart from providing general guidelines in relation to a.i. or adjuvant combinations, little progress has been made towards a mechanistic interpretation. Since cuticular uptake of xenobiotics is considered to be a diffusion process, it should follow Fick's first law of diffusion. This principle has been applied, with some success, to studies of cuticular diffusion using isolated cuticles. It has resulted in the production of an equation based on three main factors, the solute mobility of the a.i., the driving force (involving the concentration and partition coefficients of the a.i.) and the cuticle tortuosity (Schonherr et al 1999) . This equation is not easy to apply in practice, due to difficulties in measuring each parameter, and may not be altogether appropriate for in vivo situations where the applied quantity is a finite dose (from a droplet deposit). Since the initial solution deposit (droplet) rapidly becomes a deposit residue due to droplet evaporation, the initial concentration becomes irrelevant. A good approximation in that case is the total initial mass of a.i. in the deposit, expressed as a dose (taking droplet spread area into account). This is much easier to determine and should be proportional to the initial driving force.
The present studies use previously published data to test this proposed relationship, and its potential for modelling mass uptake, by relating the mass uptake to the initial dose of a.i. per unit leaf area.
MATERIALS AND METHODS
Standard methods were used to determine the uptake of radiolabelled bentazone (3-isopropyl-1H-2,1,3-benzothiadiazin-4(3H)-one-2,2-dioxide) into bean (Vicia faba cv. Evergreen) foliage after 24 h. The surfactants used were all non-ionic, and covered a wide range of hydrophile and hydrophobe structures. Their identities are given in Table  1 . The experimental details for plant propagation, herbicide and radiolabelled herbicide, surfactants and uptake determinations have been presented fully elsewhere (Liu & Zabkiewicz 2001) . Briefly, bean plants were grown in a controlled environment (20°C/15°C day/night temperature and 70% RH) for four weeks prior to use. 14 C-bentazone solution of known radioactivity was added to a commercial formulation (Basagran) containing bentazone sodium salt. Just before use aqueous dispersions or solutions of surfactants were added to form the required treatment formulations. Droplets of solutions were applied by microsyringe to the adaxial surfaces of a single, third bean leaf per plant (five replicates per treatment). Uptake was determined by washing residual bentazone from treated leaf surfaces at 24 h after application and calculating the amount absorbed.
The droplet spread areas for the different formulations were measured by image analysis (mean of 10 determinations) and compared using the least significant difference test (LSD) after performing stabilising transformations (1/√spread area). Regressions on graphed data were produced in Microsoft PowerPoint.
RESULTS AND DISCUSSION
The results from the uptake trials (Liu & Zabkiewicz 2001 ) provided a range of a.i. concentrations, surfactant types and percentage uptake results. These are presented in Table 1 . The droplet spread areas range from 1.37 mm 2 to 9.48 mm 2 (a seven-fold range) for droplets of 0.24 µl. The consequence is that the initial dose of a.i. per unit area (1 mm 2 ) varies from 0.0729 to 3.6841 nMoles/mm 2 . This is a 50-fold range, whereas the actual concentration range of bentazone in solution is only 20-fold. Previous studies have shown the importance of increasing initial dose in relation to increasing glyphosate uptake (Liu & Zabkiewicz 1997) , as well as the influence of surfactant structure and concentration (Liu & Zabkiewicz 1999) . Examination of the current data series does not show any obvious relationship of percentage uptake to initial dose ( Fig. 1 ; best fit R 2 = <0.2). Other data (W.A. Forster & J.A. Zabkiewicz, unpubl. data) confirm that no sensible correlation or regression can be developed when using a wider range of a.i.s or surfactants. The use of percentage uptake in relation to a wide range of physico-chemical characteristics of the a.i. has at best provided only trends within a narrow data set, or completely failed to provide insights into the mechanism of xenobiotic uptake (Baker et al 1992) . Since uptake through a leaf cuticle is in most cases a diffusion process (Price 1982) , then Fick's law of diffusion should apply. This is based on the flux per unit area, i.e. the amount of solute that diffuses through a unit area per unit of time, and can be expressed as J = M/At, where J is the flux, M is moles (or mass), A the area across which diffusion occurs and t is the time. Uptake at a specific time (Jt) can be determined in terms of moles uptake per unit area, and can be considered with respect to the initial molar quantity, which is proportional to the driving force.
Therefore it is more appropriate to compare uptake among a range of xenobiotics or formulations in molar amounts. Accordingly, when the mass (molar) uptake of bentazone is related to initial dose, a completely different relationship emerges, as illustrated in Figure 2 . This provides a linear relationship, plotted on a log-log scale, with a good correlation coefficient of R 2 =0.8609. It also shows that mass uptake of bentazone in the surfactant formulations lies well above the bentazone only formulation. This data set includes a very wide range of surfactant structures and if only one surfactant series is considered, then the correlation can be even better (R 2 =0.9976) as shown in Figure 3 . An alternative presentation is to plot the relationship on a linear-linear scale (Fig. 4) which permits easier comprehension of the actual doses involved. Although this format tends to compress the presentation of the low dosage treatments, it again shows an excellent correlation (R 2 =0.9999).
CONCLUSIONS Current studies show clearly that using percentage uptake data to develop an understanding of xenobiotic uptake mechanism into plant foliage is totally inadequate if tested across a range of a.i.s, formulations and plant species (Forster et al. 2003) . Instead, excellent relationships can be developed between the initial dose applied and xenobiotic uptake, if mass or molar quantities are used, and compared on a per unit area basis. These relationships provide equations that can be used to model the dose uptake of a xenobiotic. Although the illustration presented in this paper is only for bentazone, a much wider range of xenobiotics of varying lipophilicities have been tested, on several plant species and a wide range of adjuvant systems (W.A. Forster & J.A. Zabkiewicz, unpubl. data) . Provided that the adjuvants are of a similar capability, and the uptake interval is 24 h, simple model equations can be derived to explain and forecast mass uptake in relation to initial dose applied. This is a significant progression in the understanding of the mechanisms of cuticular uptake into living plant foliage. 
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